Paroxysmal nocturnal hemoglobinuria (PNH) is a rare hematological disorder associated with an acquired deficiency in glycophosphatidylinositol-anchor biosynthesis that renders erythrocytes susceptible to complement attack. Intravascular hemolysis via the membrane attack complex is a clinical hallmark of the disease, and C5 blockade is currently the only approved treatment for PNH. However, residual anemia is an emerging observation for many PNH patients receiving anti-C5 treatment. A range of complement-targeted therapeutic approaches, encompassing surface-directed inhibition of C3 convertases, blockade of membrane attack complex assembly or C3 interception using peptidic inhibitors, has yielded promising results and offers leverage for even more effective treatment of PNH. This article discusses recent advances in this rapidly evolving field, integrating critical perspectives from preclinical PNH models and diverse complement modulation strategies with genetic insights and therapy response profiles. It also evaluates the relative efficacy, limitations and benefits afforded by C3 or C5 inhibition in the context of PNH therapeutics.
Paroxysmal nocturnal hemoglobinuria (PNH) is a rare hematological disorder associated with an acquired deficiency in glycophosphatidylinositol-anchor biosynthesis that renders erythrocytes susceptible to complement attack. Intravascular hemolysis via the membrane attack complex is a clinical hallmark of the disease, and C5 blockade is currently the only approved treatment for PNH. However, residual anemia is an emerging observation for many PNH patients receiving anti-C5 treatment. A range of complement-targeted therapeutic approaches, encompassing surface-directed inhibition of C3 convertases, blockade of membrane attack complex assembly or C3 interception using peptidic inhibitors, has yielded promising results and offers leverage for even more effective treatment of PNH. This article discusses recent advances in this rapidly evolving field, integrating critical perspectives from preclinical PNH models and diverse complement modulation strategies with genetic insights and therapy response profiles. It also evaluates the relative efficacy, limitations and benefits afforded by C3 or C5 inhibition in the context of PNH therapeutics. Paroxysmal nocturnal hemoglobinuria (PNH) is a rare hematological disorder associated with an acquired deficiency in glycophosphatidylinositol (GPI)-anchor biosynthesis that is manifested within a subset of hematopoietic stem cells (HSCs) bearing a somatic mutation in the X-linked phosphatidylinositol glycan class A (PIGA) gene [1] [2] [3] . Recently, other genes of the GPI-biosynthetic pathway (e.g., PIGT) have also been implicated as genetic determinants of PNH [4] , yet more research is needed to determine their prevalence and pathological implications. It has been postulated that these GPI-deficient hematopoietic cells expand under selective pressure in the bone marrow [5, 6] and gradually produce progeny (mature red blood cells) that become susceptible to autologous complement attack as a result of the combined absence of the GPI-anchored complement regulators CD55 (decay accelerating factor) and CD59 from their surfaces [7, 8] . Indeed, chronic, complement-mediated intravascular hemolysis of PNH erythrocytes remains one of the main clinical hallmarks of the disease, along with a pronounced propensity for thromboembolic complications and an underlying bone marrow failure [7, [9] [10] [11] [12] .
scarce PNH-like cell populations harboring PIGA-inactivating mutations can even be detected in normal individuals, with no evidence of the disease [14] . In this context, it is interesting that conditional silencing of the murine PIGA gene fails to recapitulate the human pathophysiology of PNH in mice [15] . Furthermore, there is no evidence that the PIGA-mutated HSCs gain any proliferative advantage over normal HSCs that would favor their clonal expansion in the bone marrow [16] . For a few cases, it has been reported that the aberrant expression of HMGA2, a transcription factor deregulated in several benign tumors, may contribute to the overgrowth of PIGA-mutated cells [17] . The hypothesis that concomitant genetic alterations, other than PIGA mutations, might confer a proliferative advantage to PNH cells has been recently re-evaluated by dissecting the stepwise acquisition of mutations in PNH using whole exome sequencing [18] .
These combined genetic and hematologic observations provided the underpinnings for hypothesizing a 'dual pathophysiology' of PNH. This hypothesis, also known as 'escape' [19] or 'relative advantage' theory [3] , is based on the essential contribution of a second independent event that would tilt the equilibrium toward the selective expansion of GPI-deficient PNH clones in the bone marrow, leading to their release into the circulation and evolution of the full clinical spectrum of the disease [10, 19] . Observations from both human studies and animal disease models support the hypothesis that an (auto)immunemediated attack on normal HSCs tilts the balance toward relative expansion of PIGA-mutated PNH HSCs that essentially escape a CD8 + /CD57 + T-cell-dependent immune attack that targets the GPI moiety on HSC surface proteins [5, 20] . Because of this bone marrow-targeted immune derangement, the 'disguised' immunetolerated GPI-deficient HSCs will survive the immune attack, eventually producing committed hematopoietic progenitors and subsequently mature blood cells (i.e., erythrocytes, granulocytes and platelets). Indeed, the presence of autoreactive CD1d-restricted T-cell clones expressing invariant T-cell receptor achains that respond to stimulation by GPI-loaded antigen-presenting cells in PNH patients is suggestive of an autoimmune attack that selectively spares the GPI-deficient HCSs and allows the expansion of PNH HSCs and generation of mature progeny blood cells in the circulation [5, 21, 20] .
Pathophysiology
Despite its rather heterogeneous and complex pathophysiological landscape, PNH is consistently characterized by three major clinical manifestations: hemolytic anemia, bone marrow failure and thrombophilia [22, 23, 7] .
Intravascular hemolysis, the most typical manifestation of PNH, is evident in all patients presenting with the disease. However, the extent of hemolysis varies among patients, depending on the size of the PNH clone(s), the phenotype of PNH erythrocytes (type II vs type III, i.e., partial vs complete deficiency of GPI-linked complement regulators) and possibly the level of complement activation (which may vary according to specific medical conditions or patient-specific features) [6] . Typically, hemolysis is chronic, secondary to low-level spontaneous complement activation and subsequent impairment of complement regulation on affected erythrocytes caused by a lack of CD55 and CD59 (FIGURE 1). In addition to this continuous hemolysis, patients may undergo exacerbations (the so-called 'paroxysms') as a result of massive complement activation, often in association with infections or other triggering events [7] . Intravascular hemolysis is associated with hemoglobinuria, laboratory signs of hemolysis (increased lactate dehydrogenase, decreased haptoglobin, increased unconjugated bilirubin and an elevated erythrocyte count resulting from compensatory erythropoiesis) and chronic anemia, with possible fatigue and muscle dystonia [11, 22] .
The second key clinical feature of PNH is cytopenia, mainly secondary to the underlying bone marrow disorder, which is embedded in the dual pathophysiology of PNH [10, 23, 24] . Bone marrow failure is usually indicated by clinical signs of neutropenia and thrombocytopenia; however, marrow failure can also contribute to anemia in PNH patients (as documented by a reticulocyte count that is inadequate to sustain normal hemoglobin levels).
The third typical manifestation of PNH is thrombophilia, with thrombosis developing in about 40% of all patients [25] ; thus, PNH is one of the medical conditions with the highest risk of thrombosis. Thromboembolic complications may be life-threatening and rank as the main cause of mortality in PNH patients [26] [27] [28] . In contrast to marrow failure and hemolysis, the pathogenic mechanisms underlying thrombosis in PNH remain ill-defined. Several thrombogenic pathways have been implicated in PNH (extensively reviewed in [25] ), including: direct complement activation on PNH platelets; hemolysisdriven thrombosis, via the generation of procoagulant microvesicles or scavenging of nitric oxide (NO) by hemoglobin released by lysed erythrocytes and dysregulation of fibrinolysis as a result of the missing GPI-linked urokinase-type plasminogen activator receptor. Thrombotic events are largely unpredictable in PNH patients. However, two follow-up studies seeking to identify PNH prognostic factors have indicated that larger PNH granulocyte clones and extensive hemolysis are predictive of venous thrombosis [29, 30] . The thrombotic risk is unique to each patient and is possibly a result of additional independent (environmental or genetic) risk factors that may shape the individual's predisposition to thrombosis.
Clinical management
For decades, the treatment of PNH has been both challenging and disappointing, with the limited options for therapeutic intervention aiming to control the dominant clinical manifestation(s) of the disease rather than tackling the underlying causes. Indeed, blood cell transfusion has remained the most widely used treatment strategy for decades, since no etiological treatment for complement-mediated hemolytic anemia was available until recently. However, the treatment of PNH changed dramatically with the introduction of the anti-complement agent eculizumab (Soliris Ò , Alexion Pharmaceuticals, Connecticut, USA), a humanized anti-C5 monoclonal antibody (mAb) that selectively prevents activation of C5 and, consequently, the assembly of the lytic membrane attack complex (MAC). Eculizumab was approved by the US FDA and EMA in 2007, based on two large multinational trials that documented its efficacy in controlling intravascular hemolysis, as well as reducing the need for transfusions, stabilizing hemoglobin and resolving all the hemolysis-related symptoms [31, 32] . The sustained control of intravascular hemolysis resulted in transfusion-independence in about half of the treated patients and was associated with a reduced risk of thromboembolic events [33] (possibly resulting in improved long-term survival) [34] . However, the anti-C5 treatment proved inadequate in some patients who exhibited residual severe anemia even after receiving eculizumab, revealing noteworthy unmet clinical needs. Recent studies have elegantly demonstrated a genetic basis for this variable response to eculizumab, demonstrating that certain polymorphic variations in complement genes (C5 and CR1) render the carriers refractory or mildly responsive to anti-C5 therapy [35, 36] . These genetic studies indicate a need for improved therapeutic schemes in PNH that can circumvent these genetic hurdles by targeting upstream components of the complement cascade, such as C3 (a schematic overview of the complement cascade is provided in FIGURE 2A ).
Beyond bone marrow failure and breakthrough, which can contribute to anemia in some patients, C3-mediated extravascular hemolysis has emerged as the most likely and relevant cause of suboptimal responses to eculizumab [37, 24, 38] . This novel route of erythrocyte clearance is mechanistically explicable, since complement regulation remains impaired on PNH erythrocytes because of their lack of CD55, which eventually leads to C3 fragment opsonization and entrapment of C3-bound PNH erythrocytes in hepatosplenic macrophages (FIGURE 2B). Indeed, recent studies have confirmed that patient-derived PNH erythrocytes are recognized and phagocytozed by primary human macrophages in vitro [39] . Thus, it appears highly feasible that extravascular hemolysis mediated by the activation of the early steps of the complement cascade is a common mechanism that accounts not only for a considerable fraction of PNH patients remaining transfusion-dependent, but also for the mild-to-moderate anemia observed in the majority of eculizumab-treated PNH patients.
Despite recent advances in diagnostics and therapy, PNH remains a hematological disorder with looming clinical complications that impose a devastating socioeconomic burden in terms of patient management and quality of life. While significant improvement in clinical care has been achieved by C5-targeted therapy, bone marrow transplantation remains the only curative treatment option for PNH patients [40] . Both nonmyeloablative syngeneic bone marrow transplantation and stem cell transplantation from HLA-matched or -identical siblings have been successfully performed in PNH patients [41, 42] . However, allogeneic bone marrow transplantation is associated with (A) Complement activation is effectively contained on the surface of normal erythrocytes that express the GPI-linked regulators CD55 (DAF) and CD59. Opsonic C3b may be generated by spontaneous (tick-over) or bystander activation (e.g., due to an infection) but is readily degraded by the plasma enzyme factor I (FI) in concert with the complement regulators factor H (FH), CD55 and CR1 (CD35). Furthermore, CD59 prevents the assembly of the MAC and protects the erythrocyte from autologous complement-mediated lysis (intravascular hemolysis) (B) Lack of GPI-linked CD55 and CD59 leads to the functional 'dismantling' of normal complement regulatory activity on the PNH erythrocyte surface, rendering the cell susceptible to autologous complement attack. Complement activation triggered by: spontaneous C3 hydrolysis (via tick-over mechanism); bystander activation; or specific (yet unknown) triggering mechanisms on PNH erythrocyte surfaces leads to C3b generation and surface opsonization that, in the absence of CD55, culminates in uncontrollable C3 fragment opsonization via amplification of the complement response through the alternative pathway and, eventually, in MAC-mediated intravascular hemolysis (i.e., due to the absence of CD59). significant morbidity and mortality due to complications from acute or chronic graft-versus-host disease [42] . Stem cell transplantation probably remains the best treatment option for PNH patients with underlying bone marrow failure that does not respond to immunosuppressants, or for patients that present with refractory thromboembolic disease [11] . Notably, the additional burden placed on PNH patients by the chronic administration of corticosteroids should not be overlooked, particularly since this treatment is not generally recommended owing to its undesirable complications and side effects and the absence of clear proof of efficacy [43] . Importantly, the annual cost of current complement-targeted therapy exceeds US$400,000 per patient [44] , which may limit broader access to this treatment option, for example, in developing countries. Furthermore, as stated above, the therapeutic outcome of anti-C5 therapy is not satisfactory in all PNH patients. These limitations and unmet clinical needs have fueled efforts to search for alternative anti-complement treatment strategies. Important progress has already been achieved; in particular, preclinical studies suggest that intervention at the level of C3 offers therapeutic merit in treating PNH when compared with blockage of C5. Recent studies (employing both biologics and smallmolecule inhibitors) have suggested that targeted C3 inhibition can efficiently block complement opsonization of erythrocytes in addition to preventing intravascular hemolysis, thereby providing a clear therapeutic benefit. The advent of potent C3 inhibitors, including small peptidic drugs (e.g., Cp40 [45] and the Cp40-based therapeutic AMY-101) and surface-targeted fusion proteins that can modulate activation of the alternative pathway (AP) of complement (e.g., TT30 and mini-FH) [46, 47] has shown promise in ameliorating both intravascular and C3-mediated extravascular hemolysis and opens new avenues of opportunity for sustainable and cost-effective PNH therapeutics (especially in the case of Cp40 [48] and the Cp40-based therapeutic AMY-101).
Furthermore, the emerging crosstalk of complement effectors with procoagulant pathways possibly underlying the thrombotic nature of PNH [49, 50] highlights the necessity for further exploiting complement as a key target for therapeutic intervention in multiple PNH indications.
Complement dysregulation in the spotlight of PNH pathology The molecular hallmark of PNH pathology is the clonal expansion of non-malignant HSCs carrying mutations in genes responsible for the synthesis or attachment of preassembled GPI-anchors to proteins destined to be tethered to the cell surface [13, 6, 4] . PNH clones harboring mutations that interfere with GPI synthesis give rise to progeny erythrocytes that fail to display GPI-anchored proteins on their surface. Among the missing GPI-linked proteins, two membrane-bound complement regulators, CD55 (decay accelerating factor) and CD59, take center stage in mediating the pathogenic role of complement in this hematological disorder [51, 52] . CD55 effectively contains C3 activation on host surfaces through destabilization of C3 convertase complexes [53] , while CD59 interferes with the assembly of the lytic MAC on the opsonized cell surface, blocking the insertion of C9 into the nascent C5b-8 complex [54] . As a result, PNH erythrocytes enter the circulation unshielded from autologous complement attack that can either be initiated by spontaneous C3 hydrolysis ('tick-over') under steady-state conditions [55] or exacerbated by pathogen-driven activation in response to infectious insults or other pathologic states (bystander effect) [6] . PNH erythrocytes are, therefore, subject to persistent surface complement activation that culminates in MAC-mediated intravascular hemolysis (FIGURE 1), leading to severe anemia and long-term transfusion dependence in PNH patients [24, 7] .
Although the mechanism by which PNH erythrocytes succumb to complement-mediated lysis has been well established in vitro, the precise triggering cues that lead to initial complement activation and C3 deposition on the PNH cell surface and to MAC-mediated hemolysis in vivo still remain debatable. In addition to spontaneous AP activation and bystander opsonization during infection, classical and lectin pathway activation may contribute as triggering mechanisms involving natural antibodies, activated platelet surfaces and other unidentified surface recognition units and molecular patterns. From a hierarchical perspective, AP-mediated complement activation appears to play a dominant role in exacerbating the clinical course of PNH [56, 7] .
Chronic, low-level complement activation via spontaneous C3 hydrolysis and formation of the C3(H 2 O)Bb convertase (tick-over) has been postulated to lead to initial C3 fragment deposition on PNH erythrocytes, fueling persistent AP activation through an amplification loop that operates unhindered because of a lack of surface CD55 expression (FIGURE 1B) [7] . The so-called 'paroxysms' (climactic hemolytic episodes) may manifest themselves in PNH patients as a consequence of massive complement activation during the course of an opportunistic inflammatory or infectious insult [11] . The relative contribution of each of the three canonical pathways (lectin, alternative, classical) to complement activation that can affect PNH pathology remains ill-defined; however, it is reasonable to speculate that more than one pathway can become activated in PNH patients. All initiation pathways converge at the level of C3 cleavage, which in turn relays the signal for downstream activation of the lytic terminal pathway, eventually culminating in MAC assembly and hemolysis. Regardless of the triggering signal, AP activation eventually takes over on PNH erythrocyte surfaces, amplifying C3 activation and causing uncontrolled deposition of C3 fragments (C3b, iC3b, C3dg) because of the absence of the pivotal C3 convertase regulator, CD55 [6] . Even though the causality of complement in inducing severe hemolysis in PNH patients is well established and constitutes a cardinal pathophysiological mechanism underlying this hematological disorder, the contribution of complement effectors to the thrombophilic nature of the disease is also emerging as a distinct pathogenic mechanism that probably operates in parallel with MAC-mediated intravascular hemolysis. It is conceivable that uncontrolled platelet activation in PNH, occurring because of the absence of CD55 from cell surfaces, may lead to platelet aggregation via C3b or iC3b interactions with complement receptors on leukocytes [57] [58] [59] [60] . PNH platelet aggregation via complement receptor engagement can activate multiple thrombogenic pathways. Alternatively, the direct activation of C3 and/or C5 by platelets and neutrophil-derived proteases [60, 61] could lead to the generation of downstream proinflammatory effectors such as C5a which, in turn, might trigger the extrinsic tissue factor (TF)-dependent procoagulant response and lead to thrombotic complications [62, 49] . In this respect, the significant benefit afforded by anti-C5 (eculizumab) treatment in PNH patients in terms of ameliorating thromboembolic complications provides important insight into the close interplay of the complement and coagulation cascades in PNH pathology [24, 25] .
Complement-targeted therapeutic strategies for attenuating PNH pathology PNH defines a complex pathology that is tightly intertwined with dysregulated complement activation [63, 6, 9] . In this respect, it constitutes an ideal paradigm of how a chronic debilitating disease might be effectively contained, in terms of attenuating its clinical manifestations via complement-targeted intervention [46, 48] . The approval of eculizumab (anti-C5 mAb) for clinical use in PNH and the significant hematologic benefit afforded to patients by this anti-C5 treatment further underscore the validity of this therapeutic approach [64] . However, complement-targeted therapy for PNH is a field wide open to improvement, especially given the genetic variation studies that have provided insights into the genetic basis by which a significant percentage of patients remain refractory to anti-C5 therapy and consequently, transfusion-dependent [35] . Nonetheless, it should be stressed that careful selection of the target protein, delivery route and dosage regimes for applying complement inhibition to a chronic disorder poses a significant challenge that needs to be addressed before preclinical findings can be translated into effective PNH patient management.
Target selection
In the clinical phenotype of PNH, the combined absence of the GPI-linked complement regulators CD55 and CD59, which act upon different steps of the cascade (i.e., C3 activation and terminal lytic pathway, respectively), defines two 'hot spots' for complement interception, that is, inhibition at the level of C3 or C5 (see also FIGURE 2A). While C5 interception via antibodymediated blockade (eculizumab) has already proved clinically effective, largely abrogating MAC-dependent intravascular hemolysis and its ensuing thrombotic complications [65] , inhibition at the level of C3 offers advantages that might provide new leverage for more effective therapeutic intervention.
C3 is a large plasma protein (183 kDa) that engages in various protein-protein interactions, undergoing structural transitions during the activation process (FIGURE 2A) [66, 67] . Although not considered a 'druggable target' in the traditional sense, its large surface area offers potential binding sites for small molecules that may act as protein-protein interaction inhibitors and offer advantages concerning production cost and administration [68] .
In addition, there are several regulators of complement activation proteins that control C3 activation under physiological conditions and may be directly used or engineered for therapeutic processes [46, 47] . As C3 marks the point of convergence for all initiation pathways, interception of C3 activation is largely independent of underlying triggering mechanisms, which are still illdefined in PNH. Given the upstream position in the cascade, and its distinct nature from C5, inhibition at the level of C3 should not be influenced by known polymorphisms in C5 and CR1 that have been associated with a phenotype refractory to therapy in some PNH patients. Most importantly in the context of PNH, and as mentioned above, blockage of C3 activation is expected to address both intra-and extravascular hemolysis by preventing opsonization with C3 fragments. Selecting C3 as therapeutic target is, therefore, expected to lead to a more comprehensive treatment option for more patients by reducing transfusion dependence and residual anemia.
The two advantages that are often mentioned in favor of C5-directed therapy are residual complement activity and target concentration. Inhibition of C5 activation selectively blocks the effector arms of the terminal pathway, that is, MAC formation and release of the anaphylatoxin C5a, while leaving opsonization and phagocytic signaling intact. Although likely responsible for extravascular hemolysis in PNH patients, this maintained opsonic activity may also participate in the clearance of pathogens and immune complexes. However, it has been argued that complement-dependent clearance of microbes becomes less important once adulthood is reached. Indeed, individuals with primary C3 deficiencies show an increased risk for infection to a small set of pathogens, primarily in the early stages of their life [69] . Among the most severe risks are infections with Neisseria meningitidis, which is highly susceptible to MAC-mediated lysis; such infections are, therefore, observed in both C3 and C5 deficiency, yet can be prevented by vaccination. Even residual low amounts of C3 appear to be effective for host defense; interruption of inhibitor treatment during an active infection is, therefore, expected to restore complement activity in a feasible timeframe. Finally, inhibition at the level of C3 still allows for some opsonization via the classical and lectin pathway (the deposition of C4b can contribute to phagocytosis but is not sufficient to drive amplification or MAC formation). As for the target concentration, the higher abundance of C3 when compared with C5 (~1.0 and 0.08 mg/ml in plasma, respectively) renders administration of saturating inhibitor concentrations more demanding when targeting C3 itself. Recent studies with small-molecule C3 inhibitors (Cp40 and the Cp40-based therapeutic AMY-101) showed that target saturation is indeed feasible, and that it can be tailored by chemical modifications and administration strategies [48] .
Overall, the rational selection of the optimal target for chronic complement modulation in PNH should aim to reconcile the patient's individual genetic profile (complement haplotype) with the clinical benefit afforded by each therapeutic strategy, as well as consider the socioeconomic burden imposed on the patient and healthcare system. We present below a comprehensive overview of the currently available biological therapy for PNH and of novel therapeutic strategies that exploit C3 or C5 interception, currently under preclinical or clinical development (TABLE 1) and showing clear promise for improving treatment.
Complement interception at the level of C5 C5 serves as the initial component of the terminal pathway of complement activation that culminates in the assembly of the cytolytic MAC on complement-opsonized surfaces (FIGURE 2A ) [70, 63] . Complement activation via all pathways may lead to the convertase-mediated cleavage of C5, which in turn results in the generation of its bioactive fragments, C5b and C5a [68, 64] . These C5-derived fragments display potent cytolytic (via the MAC) and a plethora of immunomodulatory and proinflammatory properties (via C5a receptor signaling) that are pertinent to the major clinical manifestations of PNH. Being a debilitating hemolytic disease that renders erythrocytes prone to autologous complement attack, it was reasoned that an inhibitor specifically blocking C5 activation would be highly effective as a rational therapeutic intervention in PNH to treat MAC-mediated intravascular hemolysis and its ensuing complications. Indeed, in 2007, the humanized h5G1.1-mAb eculizumab (Soliris) received the FDA and EMA approval for use in PNH patients [64, 65] . This anti-C5 therapy drastically improved quality of life, reducing to a significant extent the transfusion dependence of patients over long periods of followup [24] . Two multi-center Phase III clinical studies established eculizumab's efficacy and safety [31] [32] [33] . Eculizumab impairs terminal complement activation by binding native C5 and blocking its proteolytic cleavage into C5a and C5b by C5 convertases, thereby preventing MAC assembly on the cell surface and also ameliorating C5a-triggered inflammatory and procoagulant complications [64, 71] . The drug's profound hematologic benefit is premised on its efficacy in abrogating MAC-mediated intravascular hemolysis in PNH patients [24] . Chronic treatment with eculizumab results in sustained control of intravascular hemolysis, leading to hemoglobin stabilization and transfusion independence in more than half of the treated patients [6] .
However, in the eculizumab era, an illuminating medical paradigm also revealed the limitations of this new complement-targeted therapy shedding light on underappreciated pathophysiological aspects of the disease. Despite the fact that patients' responses in large cohort studies were tremendously improved with anti-C5 therapy, a noteworthy percentage (20-30%) of patients on eculizumab still fail to respond, requiring regular blood transfusions to stabilize hemoglobin levels. These patients present with residual anemia, possibly as a result of the extravascular hemolysis that afflicts surviving PNH erythrocytes and/or an underlying bone marrow hypoplasia. While eculizumab treatment completely prevents intravascular (MAC-mediated) hemolysis, it cannot abolish the activation of C3 via tick-over or bystander effects that can lead to progressive C3 deposition on the surviving erythrocytes through uncontrolled AP amplification [43] . This accumulation of C3-derived opsonic fragments on PNH erythrocytes is expected to provide an 'eat-me' signal for professional phagocytes bearing complement receptors (e.g., CR3 on macrophages); such erythrocytes may be engulfed and cleared in extravascular sites such as the reticuloendothelial system in the liver and spleen [6] .
In view of the clinical success of eculizumab, and despite the potential limitations mentioned earlier, C5 and the MAC remain important targets for PNH therapy. As a consequence, several groups and companies are exploiting alternative options for inhibiting the terminal complement pathway. Previous studies have shown that a fusion protein consisting of the C3-binding region of CR2, linked to a soluble form of CD59, displays potent MAC inhibitory activity, abrogating MACmediated lysis of C3-opsonized cells [72] . Such fusion proteins could offer an alternative for treating MAC-mediated intravascular hemolysis in PNH patients that fail to respond to eculizumab, by targeting CD59 to PNH erythrocyte surfaces opsonized by C3 fragments. Another possible alternative to anti-C5 mAb therapy, currently under development as a PNH therapeutic, is coversin (also termed OmCI, Volution Immuno-Pharmaceuticals), a complement inhibitor of the lipocalin family originally isolated from the soft tick Ornithodoros moubata [73] . Similar to eculizumab, coversin binds C5 and blocks its proteolytic activation by C5 convertases, yet also inhibits the function of leukotriene B4 [74, 75] . This relatively small protein (16 kDa) has shown promising results in several preclinical models of disease [75] . Coversin has recently been evaluated as a potential PNH therapeutic in a Phase I clinical trial and showed potent systemic C5 inhibitory effects in a subcutaneous (sc.) administration protocol that could be amenable to clinical use [76] . Notably, its relatively small size should mean lower production costs than the therapeutic antibodies currently on the market. However, besides the need to ascertain their potential efficacy and hematologic benefit in PNH, the use of proteins (such as coversin) derived from evolutionary distant species may raise immunogenicity issues in chronic administration protocols that must be sufficiently addressed before advancement to the clinical stage. SOBI002 (Swedish Orphan Biovitrum), a recently described C5-targeting affibody fused to an albumin-binding domain, has also been evaluated for its C5 inhibitory activity. Affibodies are small non-immunoglobulin ligands displaying high affinity binding to a wide range of protein targets. These molecules share no sequence/structural homology to antibodies and are isolated from scaffold-constrained combinatorial libraries [77] . SOBI002 binds human C5 with low-nanomolar affinity (K D 1 nM) and effectively blocks its activation. Addition of the albumin-binding moiety led to an increase in its half-life and stability in both rodent and non-human primate (cynomolgus monkey) plasma, offering favorable pharmacokinetic properties for sustained inhibition [78] . Its high subcutaneous bioavailability as well as its efficacy in preclinical models of C5-driven pathology have earned this novel anti-C5 agent a place in the growing arsenal of potential PNH therapeutics.
From a different perspective, the high expenses typically associated with the chronic treatment involving biological agents, and in particular therapeutic antibodies [79] , call for the consideration of novel complement-based therapeutics based on small-sized inhibitors that have significantly lower production costs, such as synthetic peptides [80] . Furthermore, the demanding clinical protocol for PNH therapy, entailing antibody infusions over long periods of time, frequent hospitalization rounds and a high burden on the healthcare system strongly argues for alternative therapeutic strategies that will facilitate patient management and alleviate the clinical symptoms of PNH without imposing a high socioeconomic burden on the patients.
Complement interception at the level of C3
Whereas the clinical use of eculizumab has drastically impacted the natural history of PNH and contributed to the improvement of patient management, this complement-targeted strategy has also propelled our understanding of the pathophysiological basis of this disease. In particular, it has helped unmask pathogenetic mechanisms that are driven by complement activation at earlier stages of the cascade, converging at C3 convertase assembly, and C3-mediated opsonization of PNH erythrocytes through dysregulated AP amplification [6] . Although eculizumab effectively compensates for the lack of CD59 on PNH erythrocytes, it cannot counteract the absence of a complement AP regulator that is crucial for controlling C3 deposition (i.e., CD55). Indeed, C3-mediated extravascular hemolysis is an emerging clinical manifestation in patients receiving anti-C5 that limits its therapeutic efficacy. This medical problem has fueled several investigations aimed at developing alternative complement therapeutics that preferentially target the activation of C3 on the erythrocyte surface [68, 67, 7] . Such an approach would also intercept C5 activation and MAC assembly, irrespective of the upstream triggering mechanism or pathway involved (FIGURE 2A) .
Antibody-based anti-C3 approaches
Whereas targeting native C3 using monoclonal antibodies is challenging due to its high plasma concentration, a recent study adopted the elegant approach of targeting activated C3 fragments (iC3b/C3b) on the erythrocyte surface with an anti-C3b/iC3b mAb (clone 3E7) [81] . This antibody acts specifically on the AP C3/C5 convertase, because classical pathway-hemolytic activity remains intact in its presence. Both this antibody and its humanized derivative H17 were able to block hemolysis and C3 deposition on PNH erythrocytes in vitro [81] . Albeit promising, these results still need to be translated to the clinic. The presence of Fc-moieties of the IgG1 isotype in these antibodies might have adverse effects in terms of sustaining, rather than abrogating, C3-mediated extravascular hemolysis via recruitment of phagocytes through Fc receptor-and CR3-mediated interactions. Engineering a modified anti-C3b/iC3b mAb lacking the Fc portion could offer greater promise for therapeutic application, but this approach remains to be tested. Indeed, a Fab fragment of H17 has recently been described and tested in a renal disease model [82] , but not yet evaluated in PNH.
Surface-targeting of AP C3 inhibitors in PNH
Since PNH pathology mainly reflects the uncontrollable activation of AP and the accumulation of C3 fragments on surviving PNH erythrocytes, devising a therapeutic strategy that would exploit natural AP inhibitors to target both the C3 convertase formation step and the AP amplification loop on PNH cells would be an attractive therapeutic approach. Factor H (FH) is the main fluid-phase regulator of AP activation, preventing formation of the AP C3 convertase, accelerating the decay of existing convertases and also acting as a cofactor for the factor Imediated degradation of C3b into iC3b [63, 83] . Indeed, the fact that FH can effectively block AP amplification regardless of the initial triggering pathway is of paramount importance for controlling PNH hemolysis in vivo [84] . Several strategies have been developed to specifically target its inhibitory activity to the complement-opsonized surface (reviewed in [68] ). In this respect, TT30 (Alexion Pharmaceuticals), a recombinant fusion protein consisting of the C3dg/iC3b binding domains of CR2 (i.e., complement control protein [CCP] domains 1-4) and the complement inhibitory domains of FH (CCP1-5), was recently shown to be effective in blocking the MAC-dependent hemolysis of PNH erythrocytes and also abrogating C3 fragment deposition on surviving PNH erythrocytes [46] . This inhibitory effect is dependent on targeting FH to the erythrocyte surface, since only partial inhibition was achieved when CR2-mediated binding of TT30 to PNH cells was blocked [46] . The FH-elicited cofactor activity of TT30 provides an exquisite mechanistic 'handle' for augmenting the targeting of this inhibitor to PNH erythrocyte surfaces through the generation of additional docking sites (iC3b/C3dg). These studies provided a proof-of-concept and a well-founded rationale for further development of this surfacetargeted AP inhibitor as a PNH therapeutic that might effectively attenuate both intravascular and extravascular hemolysis. A Phase I clinical trial evaluating TT30 as a potential therapeutic option for treating PNH in humans had been initiated, but has recently been reported as terminated [85] .
Supporting the emerging therapeutic potential of surfacetargeted FH in PNH, a recent study has elaborated on the therapeutic efficacy of a rationally engineered miniaturized version of human FH, employing AP-driven in vitro models of PNH [47] . This so-called mini-FH (43 kDa) combines the regulatory CCP1-4 domains of FH with the C-terminal CCP19-20 domains that are involved in the recognition of self-cell pattern. Despite condensing the size of the parental FH by 70%, mini-FH shows markedly increased inhibitory potency (almost 10-fold) over FH in blocking AP activation. Mini-FH retains the regulatory function of FH (C3 convertase decay and cofactor activities) and displays a unique tripletargeting profile for diseased surfaces by binding oxidative damage markers, polyanionic surfaces and the full spectrum of C3-derived opsonins [47] . Strikingly, the rational design of mini-FH led to the unmasking of a cryptic binding site for iC3b/C3dg, located in FH CCP19-20. This structure-guided minimization increased the targeting capacity of this AP inhibitor for surfaces subjected to high opsonic turnover, as exemplified by PNH erythrocytes. Indeed, mini-FH effectively blocked hemolysis of patient-derived PNH erythrocytes, largely outperforming full-length FH [47] . Mini-FH also prevented surface deposition of C3 fragments on PNH erythrocytes exposed to AP-activated serum. Interestingly, mini-FH appeared to be more potent than TT30 in the same assay format (although not evaluated side-by-side), with full inhibition achieved at concentrations about 10-fold lower than TT30. Although the pharmacokinetic profile and other aspects of this inhibitor remain to be investigated, these findings suggest that mini-FH might be a promising lead compound for novel PNH therapeutics in humans. Notably, its enhanced recognition capacity for self-surfaces heavily decorated with complement opsonic fragments coupled with its AP inhibitory activity should prove valuable leads for preventing both intravascular hemolysis and residual anemia due to C3-mediated extravascular hemolysis in PNH patients.
Toward peptide-based PNH therapeutics
Departing from therapeutic strategies that rely on larger proteins, such as anti-C3 mAbs or fusion proteins with AP regulatory activity (e.g., TT30 and mini-FH), recent studies have produced promising preclinical results by intercepting C3 activation in PNH models with small peptidic inhibitors of the compstatin family [45, 48] . Following rigorous structure-guided optimization and activity refinement, a second generation of compstatin derivatives has culminated in the development of AMY-101 (Amyndas Pharmaceuticals, Glyfada, Greece), a novel C3-targeted therapeutic based on the compstatin analog Cp40, that shows subnanomolar binding affinity for C3, increased plasma stability, safety in systemic administration protocols in non-human primates and a favorable pharmacokinetic profile for therapeutic modulation in primate models of inflammatory disease [45, 48, 86] .
To address the challenge of effective systemic delivery and to maintain a sustainable pharmacologic profile of therapeutic modulation in PNH, a series of long-acting polyethylene glycol (PEG) derivatives of Cp40 were designed and evaluated in an in vitro model of PNH [48] . Both unmodified Cp40 and its Nterminal PEGylated derivative (PEG-Cp40) exerted strong inhibitory effects by abrogating PNH erythrocyte hemolysis and attenuating C3 fragment deposition on surviving PNH cells [48] . These findings strongly suggest that compstatin effectively intercepts both MAC-mediated intravascular and C3-mediated extravascular hemolysis in PNH, thus indicating a broader therapeutic benefit over eculizumab treatment. Furthermore, PEGylated Cp40 displayed a favorable pharmacokinetic profile in non-human primates that was highly comparable to that of therapeutic antibodies, with increased plasma stability and a remarkably prolonged elimination half-life of more than 5 days [48] . However, the increased (>10-fold) plasma residence of this PEGylated Cp40 appears to also affect plasma C3 levels, indicating that additional studies are warranted to address its potential effect on the metabolic turnover and clearance of C3. In addition, it remains to be seen whether the comparatively high doses of PEGylated peptide necessary to saturate an abundant plasma protein such as C3 may lead to adverse effects. Indeed, although generally considered safe, PEGylation may change the immunogenicity and safety profiles of peptide/protein drugs at high concentrations, and cases of anti-PEG antibodies or cellular vacuolation have been described [87, 88] .
Interestingly, unmodified Cp40 and the Cp40-based therapeutic AMY-101 were shown to provide sustained plasma inhibitor levels when injected sc. into cynomolgus monkeys in a multi-dose regimen (12-h intervals), suggesting that AMY-101 may prove a valuable option for long-term systemic treatment of PNH patients (e.g., potentially facilitating selfadministration of the drug by the patient). The use of nonPEGylated AMY-101 may also allow for quickly regaining complement activity in case of infection or other complications that require C3 capacity. In August 2014, AMY-101 received orphan status designation from EMA for the treatment of PNH, and clinical development for this indication is currently pursued by Amyndas Pharmaceuticals (Glyfada, Greece). In addition to Cp40, an earlier-generation analog of compstatin (APL-1, Apellis Pharmaceuticals) and its PEGylated derivative (APL-2) have shown in vitro efficacy in protecting PNH erythrocytes from complement-mediated lysis and opsonization [89] .
As well as pointing to alternative therapeutic options for treating PNH, these studies on peptidic C3 inhibitors mark important progress for introducing more affordable therapeutic options. As a result, such peptide-based therapies are expected to reduce the burden on patients' clinical management and the healthcare system at large. It is well appreciated that the use of large proteins as therapeutics, particularly for treating chronic pathologies such as PNH, entails potential drawbacks concerning production costs, stability, administration options and/or immunogenicity. As small peptidic inhibitors, compstatin analogs (e.g., Cp40) can offer a promising alternative for therapeutic intervention in PNH that might afford multiple benefits for PNH treatment: peptide-based C3 inhibitors have already shown promise as safe and potent therapeutics in primate models, production costs for synthetic peptides have decreased significantly in recent years [80] , translating into less expensive therapies and lower state subsidies for patient healthcare and C3 inhibition in PNH appears to exert multiple beneficial effects, preventing intravascular hemolysis while also effectively abolishing the pathological sequelae of chronic C3 opsonization of erythrocyte surfaces (i.e., immune-mediated clearance of surviving PNH cells).
Implications of complement-targeted therapy for other PNH manifestations
Therapeutic implications for PNH-associated thrombophilia Thrombophilia is a cardinal clinical feature of PNH, with thrombotic complications developing in about 40% of all patients [25] . Arterial thrombosis and venous thromboembolism are potentially life-threatening complications, and venous thromboembolism is regarded as the major cause of morbidity and mortality in PNH patients [28, 90] . Despite our appreciable knowledge of the pathogenic mechanisms underlying hemolysis and bone marrow failure in PNH, the etiology of thrombophilia in PNH patients remains quite obscure and multifactorial. However, in the era of eculizumab, well-controlled multicenter patient surveys have offered new insights that extend our understanding of the pathogenic landscape of PNH-related thrombosis [90, 33] . The tight interconnection of the complement and coagulation cascades at the vascular endothelial interface emerges as a potential pathogenic driver of thrombotic complications in PNH patients [25] . Indeed, complement has been implicated as a key contributor to vascular inflammation and modulates several procoagulant pathways that are relevant to PNH. These include: direct platelet activation due to the absence of GPI-linked complement regulators, hemolysis-driven thrombosis involving procoagulant TF-microparticles, NO depletion caused by the release of free hemoglobin and dysregulated fibrinolysis because of the absence of GPI-anchored anti-coagulant proteins (such as urokinase-type plasminogen activator receptor, heparin sulfate and TF pathway inhibitor) from monocytes and platelets (reviewed in [25] ). Recently, two clinical studies enrolling patients on eculizumab therapy have provided valuable insight into the impact of C5 blockade on critical hemostatic parameters and endothelial activation markers that collectively shape the thrombotic state in PNH patients [90, 91] . Eculizumab therapy was shown to ameliorate procoagulant responses by controlling intravascular hemolysis and reversing NO depletion by free hemoglobin. Furthermore, eculizumab treatment resulted in a significant reduction in plasma TF-microparticles and also attenuated thrombin generation by modulating thrombin-antithrombin complexes [92] . Interestingly, the beneficial impact of anti-C5 therapy extended to the vascular endothelium, through the downregulation of key endothelial activation markers (e.g., tissue plasminogen activator, vascular cell adhesion molecule, von Willebrand factor). Given that the complement and coagulation cascades forge multiple interconnections that converge at common effectors, it would be worthwhile to investigate whether complement modulation at the level of C3 (e.g., using peptidic C3 inhibitors or AP regulators) could afford greater control of the thrombotic state in PNH patients by blocking procoagulant pathways that are regulated not only by downstream effectors (e.g., crosstalk of the C5a/C5aR axis with the TF-dependent procoagulant pathway), but also by C3 and its bioactive fragments (e.g., C3b-CR1 or iC3b/CR3-dependent, leukocyte-mediated platelet aggregation) [60] . Given the emergence of inflammation of the vascular endothelium as a potentially distinct mechanism of PNH thrombosis, C3 interception may afford greater therapeutic benefit by blunting procoagulant responses that are triggered by the direct interaction of C3 with activated endothelial cells and components of the fibrinolytic pathway. Notably, C3 inhibition by peptidic inhibitors of the compstatin family has already shown promise as a means of intercepting procoagulant responses that exacerbate pathology and has led to the restoration of the anticoagulant nature of the vascular endothelium in various non-human primate models of inflammatory diseases [50, 92, 93] . Collectively, these studies have paved the way for novel C3-targeted therapeutics that may prove even more effective than eculizumab in treating PNH, by intercepting procoagulant pathways that act independently of intravascular hemolysis and NO depletion.
Insights from gene profiling studies & classification of PNH therapy responders Recent evidence suggests that patients' responses to complementtargeted therapies may be more complex and unpredictable than expected, particularly in light of the emerging genetic variation and discrete complement haplotype landscape revealed across different populations. PNH exemplifies such a complementdriven chronic disease whose treatment landscape appears to be affected by genetic factors underlying key pathogenetic mechanisms that lead to intravascular hemolysis and thromboembolic complications. Undeniably, anti-C5 therapy has drastically improved the treatment landscape of PNH; however, several patient cases have emerged worldwide that are associated with suboptimal or poor responses to eculizumab treatment that keep these patients blood transfusion-dependent. Recent studies have elegantly revealed the genetic basis for this variable response to eculizumab, demonstrating that certain polymorphic variations in complement genes (i.e., C5 and CR1) render the carriers refractory or only mildly responsive to anti-C5 therapy [35, 36] . The identification of a missense C5 heterozygous mutation (c.2654G-A) within a Japanese cohort of patients receiving eculizumab predicted the polymorphism Arg885His in the native C5 protein, leading researchers to unravel the molecular basis for the poor response to anti-C5 therapy. Despite its normal in vitro hemolytic activity, this mutant C5 did not bind eculizumab, explaining the non-responders' clinical phenotype. Similarly, a recent study identified a genetic variation in the complement receptor 1 (CR1) locus that also skews therapeutic responses to eculizumab [36] . Two co-dominant alleles have been identified within the CR1 locus, with the H allele associated with high expression of CR1 on erythrocytes and the L allele with low expression. Based on CR1 genotyping among PNH patients, it was concluded that carriers of the (L/L) CR1 genotype are seven-times more likely to be suboptimal responders to eculizumab [36] .
These studies have shed light on previously elusive aspects of complement-targeted therapeutics and helped researchers/ clinicians reconcile poor clinical responses with genetic variation profiles. In the case of eculizumab, these studies have also prompted the consideration of upstream intervention strategies (e.g., C3 inhibition) for circumventing these genetic hurdles and improving the clinical management of PNH patients. Given that most of the complement genes are polymorphic, harboring variants of unknown clinical significance within the population, it is reasonable to speculate that, in order to elicit full therapeutic efficacy, complement-targeted therapeutics will have to be developed in close conjunction with each patient's individual genetic repertoire and tailored to the patient's complement haplotype.
Concluding remarks & outlook
It has long been recognized that the detrimental sequelae of complement dysregulation on the PNH erythrocyte membrane are tightly intertwined with the main clinical manifestations of PNH. Complement-triggered pathways extend key interactions with both humoral and cellular effectors of the activated vascular endothelium and thus contribute to the pathogenesis of venous thrombosis and intravascular hemolysis, leading to chronic anemia and deteriorated quality of life in PNH patients. However, only recently has the treatment landscape of PNH changed, primarily owing to the introduction of the first complementtargeted therapeutic agent, the anti-C5 mAb eculizumab (Soliris). PNH treatment and longitudinal patient management in the era of eculizumab have been drastically improved; however, emerging genetic and epigenetic risk factors have raised some concern regarding the variable efficacy of this therapy and perhaps pointing to alternative complement therapeutics that might improve the treatment landscape, circumventing caveats associated with poor therapeutic responses to eculizumab. Indeed, C3-mediated extravascular hemolysis is emerging as an important pathogenetic mechanism of PNH that is clinically unmasked in patients receiving anti-C5 therapy. This unmasking occurs largely because PNH erythrocytes, escaping MAC-mediated lysis by eculizumab, survive long enough to become heavily decorated with C3-derived opsonic fragments that promote their extravascular immune clearance by phagocytic cells in the liver and spleen. In order to address this problem, research efforts have been directed toward developing a new generation of C3-targeted therapeutics that can effectively abrogate both intravascular and extravascular hemolysis in PNH patients. Significant progress has been made in the preclinical stage by studies focusing on the therapeutic potential of AP inhibitory fusion proteins and a new generation of peptidic C3 inhibitors (e.g., based on the compstatin analog Cp40) that show great promise as alternative PNH therapeutics. Indeed, Cp40 and the Cp40-based therapeutic AMY-101 have been evaluated in non-human primate models of disease and have shown evidence of safety, favorable pharmacokinetic properties and sustained inhibition profiles with sc. administration routes that are highly relevant to affordable, manageable PNH treatment. The strong potential of such small-sized C3 inhibitors to abrogate both intravascular and extravascular hemolysis has been successfully tested in models of PNH pathology, with clear promise for clinical development and translation into the clinic. The comparatively low production costs currently incurred with therapeutic peptide synthesis [80] also point to the introduction of less expensive therapies for PNH patients. Along with these novel C3-based peptidic inhibitors, a fascinating lineup of new C3-and C5-targeted complement therapeutics is being built up, encompassing elegant strategies to block AP activation on erythrocyte surfaces by targeting AP regulators and fusion proteins to the C3b-opsonized surface. It remains to be seen whether these rapidly developing, new anti-complement agents will be added to the arsenal of PNH therapeutics, with more effective results projected for patients. The consolidation of these preclinical complement interception strategies with appropriate pharmacogenomic studies and insights from the expanding genetic landscape of complement-related genes is anticipated to pave the way for the design of more effective PNH therapies tailored to the patient's own genetic haplotype and inherent response profile.
Expert commentary
Therapy for PNH has been dramatically improved by the introduction of the anti-C5 antibody eculizumab (Soliris), which has demonstrated strong efficacy in treating the majority of PNH patients and possibly changing the natural history of the disease. However, unmet clinical needs are emerging even in the era of anti-C5 treatment, especially concerns about possible residual anemia that can occur through C3-mediated extravascular hemolysis. Thus, investigators are currently focusing on developing alternative strategies for complement inhibition that may improve the current results of anti-C5 treatment.
Five-year view
Complement inhibition remains the most effective treatment strategy in PNH, even if recent studies have demonstrated that novel concepts are needed to circumvent the pitfalls of current anti-C5 treatment. Several strategies, which employ distinct candidate agents acting at different levels of the complement cascade, are currently in preclinical development. For some of them, preclinical data have suggested superiority over anti-C5 treatment in the absence of increased toxicity, even if data establishing their possible clinical benefit remain to be collected. However, translational efforts have already begun, and the authors anticipate that in the near future, several novel strategies encompassing complement inhibitors will be tested in clinical trials, potentially improving the treatment of PNH as well as other complement-mediated diseases. Care and Discovery, and funding from the European Union' s Seventh Framework Programme under grant agreement no. 602699 (DIREKT).
Financial & competing interests disclosure
JD Lambris and D Ricklin are inventors of patent and/or patent applications that describe the use of complement inhibitors for therapeutic purposes. JD Lambris is also the founder of Amyndas Pharmaceuticals, which is developing complement inhibitors for clinical applications. AM Risitano acknowledges past research funding from Alexion Pharmaceuticals and consultancy with Alnylam and RA Pharma. The authors have no other relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.
No writing assistance was utilized in the production of this manuscript.
Key issues
• Complement dysregulation on paroxysmal nocturnal hemoglobinuria (PNH) erythrocytes is driven by deficiency in glycophosphatidylinositollinked CD55 and CD59 and is tightly intertwined with intravascular hemolysis, the main clinical manifestation of PNH.
• Anti-C5 antibody therapy (eculizumab, Soliris Ò , Alexion Pharmaceuticals) has drastically changed the treatment landscape, offering PNH patients an effective therapeutic 'handle' for controlling intravascular hemolysis and its ensuing thrombotic complications.
• Genetic variations in complement genes (e.g., CR1, C5) have emerged as therapy-modifying factors and partly explain poor clinical responses of a subset of PNH patients to eculizumab therapy.
• Residual anemia, presumably due to C3-mediated extravascular hemolysis of surviving PNH erythrocytes, has emerged as a common clinical manifestation during eculizumab treatment, eventually limiting the hematological benefit of this treatment.
• A broad spectrum of new C5-and C3-targeted therapeutic strategies aimed at improving response rate, administration options and/or treatment costs has been developed, several of which are currently being evaluated in preclinical models or in Phase I clinical trials.
• Targeted modulation of complement activity at the C3 level emerges as an attractive alternative for effective therapeutic intervention in PNH that offers advantages over inhibition of the lytic terminal pathway (C5 level) alone.
• Engineered regulators of the C3 convertase and small synthetic C3 inhibitors have been shown to abrogate opsonization of PNH erythrocytes and downstream formation of lytic membrane attack complex, thereby preventing both intravascular and extravascular hemolysis.
• Peptidic C3 inhibitors of the compstatin family (e.g., Cp40 and the Cp40-based therapeutic AMY-101) display favorable pharmacokinetic properties, safety and inhibition profiles, thus showing great promise as potent and potentially cost-effective therapeutics for PNH. 
